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The crystal structure and magnetic properties of the spin-1 triangular-lattice antiferromagnet
Ba2La2NiTe2O12 are reported. Its crystal structure is trigonal R3¯, which is the same as that of
Ba2La2NiW2O12 [Y. Doi et al., J. Phys.: Condens. Matter 29, 365802 (2017)]. However, the
exchange interaction J/kB ' 19 K is much greater than that observed in the tungsten system. At
zero magnetic field, Ba2La2NiTe2O12 undergoes successive magnetic phase transitions at TN1 = 9.8
K and TN2 = 8.9 K. The ground state is accompanied by a weak ferromagnetic moment. These
results indicate that the ground-state spin structure is a triangular structure in a plane perpendicular
to the triangular lattice owing to the small easy-axis-type anisotropy. The magnetization curve
exhibits the one-third plateau characteristic of a two-dimensional triangular-lattice Heisenberg-like
antiferromagnet. Exchange constants are also evaluated using density functional theory (DFT).
The DFT results demonstrate the large difference in the exchange constants between tellurium and
tungsten systems and the good two-dimensionality of the tellurium system.
PACS numbers: 75.10.Jm, 75.45.+j, 61.05.F-, 75.30.Et
I. INTRODUCTION
Triangular-lattice antiferromagnets (TLAFs) exhibit a
variety of phase transitions in magnetic fields depend-
ing on magnetic anisotropy, spatial anisotropy and in-
terlayer exchange interaction [1, 2]. In particular, the
magnetization plateau in TLAF has been attracting con-
siderable attention. For two-dimensional (2D) classical
spin TLAF with the easy-axis anisotropy, a magneti-
zation plateau emerges at one-third of the saturation
magnetization when a magnetic field is applied paral-
lel to the easy axis [3]. The classical 1/3–magnetization
plateau has been observed in quasi-2D large spin TLAFs
GdPd2Al3 [4, 5] and Rb4Mn(MoO4)3 [6].
The easy-axis anisotropy is crucial for stabilizing the
1/3–magnetization plateau in the classical spin TLAF.
The plateau is absent in the Heisenberg TLAF and
Heisenberg-like TLAF with the easy-plane anisotropy.
However, for 2D quantum spin Heisenberg TLAFs, the
1/3–magnetization plateau can be stabilized in a wide
magnetic field range by quantum fluctuation [2, 7–18].
The 1/3–magnetization plateau is affected by the mag-
netic anisotropy. When a magnetic field is applied par-
allel to the symmetry axis, the magnetic field range
of the 1/3–magnetization plateau is enhanced by the
easy-axis anisotropy and suppressed by the easy-plane
anisotropy [16, 17]. The quantum 1/3–magnetization
∗Electronic address: saito@lee.phys.titech.ac.jp
†Electronic address: tanaka@lee.phys.titech.ac.jp
plateau has actually been observed in quasi-2D spatially
anisotropic TLAF Cs2CuBr4 [19–21] and uniform TLAF
Ba3CoSb2O9 [22–26], both of which have weak antiferro-
magnetic interlayer exchange interactions, and 3D TLAF
CsCuCl3 [27] with strong ferromagnetic interlayer ex-
change interaction. All of these compounds have the
weak easy-plane anisotropy.
Although the ground states in magnetic fields for
the 2D spin-1/2 Heisenberg TLAF are well understood,
the effects of the magnetic anisotropy [16, 17], spa-
tial anisotropy [20, 21, 28], interlayer exchange interac-
tion [24, 26, 29], spin quantum number [14, 18] and ther-
mal fluctuation on the ground states and phase diagram
have not been sufficiently elucidated.
Recently, magnetic excitations in the spin-1/2
Heisenberg-like TLAF Ba3CoSb2O9 were investigated by
inelastic neutron scattering experiments [23, 30–32]. Un-
usual dynamical properties of single-magnon excitations
predicted by theory such as the large downward quan-
tum renormalization of excitation energies [33–38] and a
rotonlike minimum at the M point [34, 38, 39] were con-
firmed. A notable feature of the magnetic excitations ob-
served in Ba3CoSb2O9 is a three-stage energy structure
including intense dispersive excitation continua extend-
ing to a high energy six times the exchange constant [31],
which cannot be described by the current theory. These
experimental results strongly indicate fractionalized spin
excitations because the intense excitation continua can-
not be explained in terms of conventional two-magnon
excitations [39]. For the experimental elucidation of un-
conventional magnetic excitations, quantum TLAFs with
different spin quantum numbers such as spin-1 are nec-
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In this work, we investigated the crystal structure
and magnetic properties of Ba2La2NiTe2O12. Although
there is a brief report on the lattice constants and the
space group of Ba2La2NiTe2O12 [40], details of the crys-
tal structure and magnetic properties have not been re-
ported. The structure of this compound was found to be
the same as that of Ba2La2MW2O12 (M = Mn, Co, Ni,
Zn) [41–44], which have a uniform triangular lattice com-
posed of transition metal ions M2+. Figure 1 shows the
crystal structure of Ba2La2NiTe2O12. An important fea-
ture of the crystal structure is that the magnetic triangu-
lar lattices are largely separated by layers of nonmagnetic
ions; thus, we can expect good two-dimensionality.
Recently, the magnetic properties in the family of
triangular-lattice magnets Ba2La2MW2O12 (M = Mn,
Co, Ni) [43, 44] have been investigated by mag-
netic susceptibility, specific heat and neutron diffrac-
tion (ND) measurements. Unfortunately, the ex-
change interactions were found to be weakly anti-
ferromagnetic [43] or weakly ferromagnetic [44]. It
is natural to assume that superexchange interac-
tions between neighboring spins in the same triangu-
lar layer occur through M2+−O2−−O2−−M2+ and
M2+−O2−−W6+−O2−−M2+ paths. The superex-
change through the former path should be antiferromag-
netic, while the latter path leads to a ferromagnetic su-
perexchange interaction because the filled outermost or-
bitals of nonmagnetic W6+ and Nb5+ ions are 4p or-
bitals, as discussed in Refs. [45, 46]. It is considered
that the superexchange interactions via these two paths
almost cancel in the tungsten compounds, resulting in
a weakly antiferromagnetic or ferromagnetic total ex-
change interaction. Meanwhile, when the nonmagnetic
W6+ ion is replaced by a Te6+ ion, for which the filled
outermost orbital is a 4d orbital, the superexchange inter-
action through the M2+−O2−−Te6+−O2−−M2+ path
becomes antiferromagnetic and the total exchange inter-
action should be strongly antiferromagnetic [45, 46].
This is our motivation for studying Ba2La2NiTe2O12.
The exchange interaction in the triangular layer was
found to be antiferromagnetic and strong as expected.
We evaluated individual exchange constants using den-
sity functional theory (DFT). The DFT results demon-
strate that the nearest-neighbor exchange interaction in
the triangular layer is antiferromagnetic and predomi-
nant. As shown below, the 1/3–magnetization plateau
characteristic of the quasi-2D TLAFs was observed in
Ba2La2NiTe2O12. This compound is magnetically de-
scribed as a quasi-2D spin-1 Heisenberg-like TLAF with
small easy-axis-type anisotropy.
II. EXPERIMENTAL DETAILS
A powdered sample of Ba2La2NiTe2O12 was pre-
pared by a solid-state reaction in accordance with the
chemical reaction 2BaCO3 + La2O3 + NiO + 2TeO2 +
b
c
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FIG. 1: (Color online) (a) Schematic view of the crystal struc-
ture of Ba2La2NiTe2O12. The blue-green and ocher single oc-
tahedra are NiO6 and TeO6 octahedra with Ni
2+ and Te6+
ions in the center, respectively. Solid lines denote the chem-
ical unit cell. (b) Crystal structure viewed along the c axis.
Magnetic Ni2+ ions form a uniform triangular lattice in the
ab plane.
O2 −→ Ba2La2NiTe2O12 + 2CO2 in air. BaCO3 (Wako,
99.9%), La2O3 (Wako, 99.99%), NiO (Wako, 99%) and
TeO2 (Aldrich, 99.995%) were mixed in stoichiometric
quantities and calcined at 1000◦C in air for one day.
Ba2La2NiTe2O12 was sintered at 1000
◦C for one day af-
ter being pressed into a pellet. This sintering process was
performed twice. Finally, yellow samples were obtained.
Powder X-ray diffraction (XRD) measurement of
Ba2La2NiTe2O12 was conducted using a MiniFlex II
diffractometer (Rigaku) with Cu Kα radiation at room
temperature. Powder ND measurement was also per-
formed to determine both the crystal and magnetic struc-
tures using the high-resolution powder diffractometer
Echidna installed at the OPAL reactor of the Australian
Nuclear Science and Technology Organisation. The
diffraction data were collected with a neutron wavelength
of 2.4395 A˚ in the temperature range of 1.6≤T ≤ 14 K.
3The crystal structure of Ba2La2NiTe2O12 was refined by
Rietveld analysis of the powder XRD and ND data using
the RIETAN-FP program [47].
Magnetic measurements in the temperature range
of 1.8≤T ≤ 300 K and the magnetic field range of
0.1≤µ0H ≤ 7.0 T were performed using a Magnetic
Property Measurement System (MPMS-XL, Quantum
Design). High-field magnetization was measured in a
magnetic field of up to µ0H = 60 T at T = 1.3 K us-
ing an induction method with a multilayer pulse magnet
at the Institute for Solid State Physics (ISSP), The Uni-
versity of Tokyo. Specific heat measurements in the tem-
perature range of 1.9≤T ≤ 300 K at magnetic fields of
µ0H = 0 and 9 T were performed using a Physical Prop-
erty Measurement System (PPMS, Quantum Design) by
the relaxation method.
III. COMPUTATIONAL DETAILS
We determine the electronic structure of
Ba2La2NiTe2O12 by performing all-electron DFT
calculations based on the full potential local orbital
(FPLO) code [48]. We use the generalized gradient
approximation (GGA) exchange and correlation func-
tional [49]. The magnetic exchange interactions are
determined by an energy-mapping method [50–52]. We
account for the strong electronic correlations on the
Ni 3d orbitals using the GGA+U exchange correlation
functional [53] with the Hund’s rule coupling strength
JH = 0.88 eV fixed in accordance with the literature [54].
The on-site interaction U is determined using the experi-
mental Curie–Weiss temperature as explained below. As
the primitive rhombohedral unit cell of Ba2La2NiTe2O12
in the R 3¯ space group contains only a single Ni2+ ion,
we create supercells to allow spin configurations with
different energies. A supercell containing four Ni2+ ions
provides four distinct energies and allows the resolution
of nearest- and next-nearest-neighbor coupling in the
triangular lattice. A supercell with six Ni2+ ions and
eight distinct energies is also required to resolve the
shortest interlayer exchange path. As is common for
triangular lattice antiferromagnets [55], the supercell
calculations are computationally demanding, with each
formula unit containing one magnetic ion adding more
than 100 electrons to the calculation.
IV. RESULTS AND DISCUSSION
A. Crystal structure
The results of the XRD measurement of
Ba2La2NiTe2O12 at room temperature and the Ri-
etveld analysis with RIETAN-FP [47] are shown in
Fig. 2. First, we chose the structure parameters of
Ba2La2NiW2O12 [43, 44] as the initial parameters of
the Rietveld analysis, setting the occupancy to 1 for
In
te
ns
ity
 [a
rb
. u
n i
t]
10080604020
2θ [degree]
Ba2La2NiTe2O12
 Experimental (XRD)
 Fit (R -3)
 Difference
 Expected Reflection
FIG. 2: (Color online) XRD pattern of Ba2La2NiTe2O12 mea-
sured at room temperature. Experimental data, the results of
Rietveld fitting, their difference and expected reflections are
shown by the red symbols, green line, blue line and vertical
purple bars, respectively.
TABLE I: Structure parameters of Ba2La2NiTe2O12 deter-
mined from the XRD measurement at room temperature.
Atom Site x y z
Ba 6c 0 0 0.13587(7)
La 6c 0 0 0.28973(6)
Ni 3a 0 0 0
Te 6c 0 0 0.41560(7)
O(1) 18f 0.543(5) 0.514(5) 0.1186(3)
O(2) 18f 0.450(5) 0.473(5) 0.2965(4)
Space group R3¯
a = 5.681(9) A˚, c = 27.60(3) A˚;
Rwp = 12.2%, Rp = 9.4%, Re = 6.7%.
B = 1.401 A˚2 for all atoms.
all atoms and the thermal vibration parameter B to
1.401 A˚2, which was reported for Ba2La2NiW2O12 [43].
The analysis was based on two structural models with
space groups R3¯m and R3¯. It is difficult to determine the
space group from only the XRD pattern because both
structural models successfully reproduce the observed
XRD pattern. However, the neutron diffraction pattern
obtained at low temperatures above the first ordering
temperature TN1'10 K is much better described by
space group R3¯ as shown below. The structure parame-
ters refined for space group R3¯ using the XRD data are
summarized in Table I.
Figure 3 shows the ND pattern of Ba2La2NiTe2O12
measured at low temperatures above the first ordering
temperature TN1 =9.8 K, where the diffraction intensity
is the average of those measured at T = 14, 12 and 10
K. We analyzed the ND data on the basis of two struc-
tural models with space groups R3¯m and R3¯. The values
of Rwp and Rp are obtained from the refinements to be
22.1% and 15.3% for R3¯m and 7.9% and 5.7% for R3¯, re-
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FIG. 3: (Color online) ND pattern of Ba2La2NiTe2O12 mea-
sured at low temperatures above the first ordering tempera-
ture TN1 = 9.8 K. Experimental data, the results of Rietveld
fitting, their difference and expected reflections are shown by
the red symbols, green line, blue line and vertical purple bars,
respectively. The experimental data is the average of mea-
surements at T = 14, 12 and 10 K.
TABLE II: Structure parameters of Ba2La2NiTe2O12 deter-
mined from the ND measurements at several temperatures
above TN1' 10 K.
Atom Site x y z B [A˚2]
Ba 6c 0 0 0.1370(2) 0.354
La 6c 0 0 0.2890(1) 0.354
Ni 3a 0 0 0 0.437
Te 6c 0 0 0.4150(1) 0.377
O(1) 18f 0.4631(4) 0.4675(5) 0.1168(1) 0.877
O(2) 18f 0.4339(4) 0.4603(5) 0.2947(1) 0.877
Space group R3¯
a = 5.6682(7) A˚, c = 27.472(2) A˚;
Rwp = 7.9%, Rp = 5.7%, Re = 1.5%.
spectively. The R-factors for R3¯ are significantly smaller
than those for R3¯m. Because no structural phase transi-
tion was detected via magnetic susceptibility and specific
heat measurements down to 1.8 K, we can conclude that
the space group of Ba2La2NiTe2O12 is R3¯, which is the
same as the space group of Ba2La2MW2O12 (M=Mn, Co,
Ni, Zn) [44]. The difference between the crystal struc-
tures for these space groups is in the atomic positions of
oxygen atoms. Because the atomic scattering factor of
oxygen atoms for X-rays is much smaller than those of
other atoms, it is difficult to determine the atomic po-
sitions of oxygen accurately by XRD measurement, as
pointed out by Doi et al. [44]. For R3¯, NiO6 and TeO6
octahedra are rotated in opposite directions around the
c axis, which leads to the absence of mirror symmetry,
as shown in Fig. 1(b). The structure parameters refined
for space group R3¯ using the ND data are summarized
in Table II.
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FIG. 4: (Color online) Temperature dependence of the mag-
netic susceptibility of Ba2La2NiTe2O12 powder measured in
an external magnetic field of µ0H = 0.1 T. The blue solid line
shows the result of a Curie–Weiss fit in the temperature range
of 100≤T ≤ 300 K. The inset is an enlarged view around 10
K.
B. Magnetic susceptibility and low-field
magnetization
The temperature dependence of the magnetic suscep-
tibility of Ba2La2NiTe2O12 powder measured in a mag-
netic field of µ0H = 0.1 T is shown in Fig. 4. The
Curie constant C = 1.482(2) emu K mol−1 and the Weiss
temperature ΘCW = − 100.7(3) K were obtained by fit-
ting to the Curie–Weiss law χ(T ) =C/(T −ΘCW) in the
temperature range 100≤T ≤ 300 K. This large negative
ΘCW indicates that the dominant exchange interaction
of Ba2La2NiTe2O12 is antiferromagnetic and large, as ex-
pected from the superexchange path via the filled outer-
most 4d orbital of Te6+. The exchange constant J , ef-
fective magnetic moment µeff and g-factor are estimated
as J/kB = 25 K, µeff = 3.44µB and g= 2.4 on the basis of
molecular field theory.
The magnetic susceptibility of Ba2La2NiTe2O12 in-
creases rapidly near 9 K as the temperature de-
creases, which is indicative of the antiferromagnetic
phase transition. This transition temperature of TN' 9
K is lower than TN' 13 K for Ba3NiSb2O9 [56,
57], which is an S= 1 TLAF with a crystal struc-
ture and exchange interaction J/kB' 20 K, similar to
those of Ba2La2NiTe2O12 [14, 56, 57]. Thus, the two-
dimensionality in Ba2La2NiTe2O12 is better than that
in Ba3NiSb2O9. Note that the magnetic susceptibility of
Ba3NiSb2O9 powder does not show a rapid upturn below
TN [56].
A notable feature of the magnetic susceptibility in
Ba2La2NiTe2O12 is the rapid increase below TN. This
5c
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FIG. 5: (Color online) (a) Triangular structure in a plane
including the c axis for TLAF with small easy-axis-type
anisotropy. The angle θ between canted sublattice spins and
the c axis is smaller than 60◦. (b) Schematic view of the suc-
cessive magnetic phase transitions in the TLAF with small
easy-axis-type anisotropy and the spin structures in each
phase.
behavior can be understood in terms of a small easy-
axis-type anisotropy and a ferromagnetic interlayer ex-
change interaction. When the magnetic anisotropy is of
the easy-axis type and small, the spin configuration in the
ground state is a triangular structure in a plane including
the crystallographic c axis, as shown in Fig. 5(a). The
triangular structure is slightly distorted from a perfect
120◦ structure. The angle θ between canted sublattice
spins and the c axis is smaller than 60◦. Therefore, the
sum of the magnetic moments of three sublattice spins is
nonzero; thus, a resultant magnetic moment along the c
axis appears in a triangular layer. When the interlayer
exchange interaction is antiferromagnetic, the resultant
magnetic moments appearing in the neighboring triangu-
lar layers are canceled out. On the other hand, when the
interlayer exchange interaction is ferromagnetic, all the
resultant magnetic moments appearing in the triangular
layers align in the same direction, giving the system a
net magnetic moment along the c axis. The small easy-
axis-type anisotropy of Ba2La2NiTe2O12 is also consis-
tent with the successive magnetic phase transitions ob-
served by the specific heat measurements shown later.
The magnetic field dependence of the magnetization of
Ba2La2NiTe2O12 powder is shown in Fig. 6. It is clearly
observed that there is a finite magnetization even in zero
field. The magnetic moment per spin ∆M in the ground
state at zero magnetic field is given by
∆M =
1
3
(2 cos θ − 1)gµBS, (1)
where S= 1 and θ is the canting angle shown in Fig. 5(a).
The powder average of the weak moment ∆M is given by
∆M = ∆M/2. By using the value ∆M = 0.015µB/Ni
2+,
which is obtained by extrapolating the magnetization
curve to zero magnetic field, and g= 2.4 estimated from
the Curie constant, we obtain the angle θ= 58.75◦.
The origin of the small easy-axis-type anisotropy is
considered to be the single-ion anisotropy expressed as
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FIG. 6: (Color online) Magnetization curve of
Ba2La2NiTe2O12 powder measured at T = 1.8 K in magnetic
fields up to µ0H = 7 T.
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FIG. 7: (Color online) Temperature dependence of the total
specific heat of Ba2La2NiTe2O12 powder below 300 K mea-
sured at zero magnetic field.
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with D< 0. The canting angle θ is expressed as
cos θ =
3J
6J − 2|D| . (2)
Using θ= 58.75◦, we obtain |D|/J = 0.108.
C. Specific heat
The temperature dependence of the specific heat of
Ba2La2NiTe2O12 powder below 300 K measured at zero
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FIG. 8: (Color online) Low-temperature specific heat of
Ba2La2NiTe2O12 powder measured at µ0H = 0 and 9 T. Ar-
rows indicate magnetic phase transition temperatures TN1 and
TN2.
magnetic field is shown in Fig. 7. There is no anomaly in-
dicative of a structural phase transition below 300 K. The
hump anomaly around room temperature is an extrinsic
anomaly that originates from the instability of the tem-
perature. The low-temperature specific heat measured
at µ0H = 0 and 9 T is shown in Fig. 8. Double peaks
indicative of successive magnetic phase transitions are
observed at TN1 = 9.8 K, TN2 = 8.9 K for µ0H = 0 T and
at TN1 = 10.5 K, TN2 = 9.2 K for µ0H = 9 T. Each transi-
tion temperature shifts to the high-temperature side with
increasing magnetic field, and the shift for TN1 is larger
than that for TN2.
It is theoretically known that successive magnetic
phase transitions occur in a TLAF with easy-axis-type
anisotropy [3, 58]. With decreasing temperature, the z
components of spins order first at T =TN1, and the xy
components of spins order next at T =TN2, as shown in
Fig. 5(b). Similar successive magnetic phase transitions
arising from the small easy-axis-type anisotropy were
reported for Ba3NiSb2O9 [57], which has an exchange
constant similar to that of Ba2La2NiTe2O12 [14, 57].
The phase transition temperatures of Ba3NiSb2O9 are
TN1 = 13.5 K and TN2 = 13.0 K, both of which are higher
than those of Ba2La2NiTe2O12. This suggests that the
two-dimensionality in Ba2La2NiTe2O12 is better than
that in Ba3NiSb2O9.
Using molecular field theory [58], two transition tem-
peratures are calculated as TN1 = 38.7 K and TN2 = 37.6
K with |D|/J = 0.108 and the saturation field Hs = 110
T obtained below. Although their absolute values are
four times larger than those observed, their separation
of TN1−TN2 = 1.1 K is consistent with the experimental
separation of 0.9 K.
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FIG. 9: (Color online) High-field magnetization process of
Ba2La2NiTe2O12 measured at 1.3 K upon sweeping the mag-
netic field up and down. Red solid lines and blue points are
the magnetization M and its field derivative dM/dH, respec-
tively.
D. High-field magnetization
The result of the high-field magnetization measure-
ment of Ba2La2NiTe2O12 powder up to 60 T is shown
in Fig. 9. The absolute value of the magnetization is cal-
ibrated by using the result of the magnetization measure-
ment up to 7 T with a SQUID magnetometer. A magne-
tization plateau is clearly observed at M ' 0.8µB/Ni2+
for 32<µ0H < 47 T. The lower and higher edge fields of
the plateau were assigned to the magnetic fields at which
dM/dH has inflection points. Because the g-factor es-
timated from the magnetic susceptibility is g= 2.4, the
plateau corresponds to the 1/3–magnetization plateau
characteristic of the quasi-2D TLAF. The edge fields of
the plateau are rather smeared and the plateau is not
completely flat. It is expected that this arises from the
distribution of the edge fields in the powdered sample ow-
ing to the anisotropy of the g-factors and the magnetic
anisotropy and not from exchange randomness [59, 60].
When the anisotropy of the g-factor is ∆g, the edge fields
Hcα with α= 1 and 2 are distributed in the range of
(∆g/g¯)Hcα, where g¯ is the average of the g-factor. When
the magnetic anisotropy is of the easy-axis type, the field
range of the 1/3–plateau becomes wider for H ‖ c and
narrower for H ⊥ c when compared to the Heisenberg
model.
Although the classical Heisenberg-like TLAF with
easy-axis anisotropy exhibits the 1/3–magnetization
plateau, it is difficult to explain the observed magneti-
zation process in terms of a classical spin model only [3].
The lower and higher edge fields of the classical plateau
are calculated as µ0Hc1 = 34.9 T and µ0Hc2 = 44.6 T with
72.5
2.0
1.5
1.0
0.5
0.0
M
 [µ
B
 / 
N
i2+
]
120100806040200
µ0H [T]
Ba2La2NiTe2O12
 Experimental (T = 1.3 K)
 CCM
 ED
FIG. 10: (Color online) Experimental magnetization curve
of Ba2La2NiTe2O12 powder up to 60 T (red line) and theo-
retical magnetization curves of the S= 1 Heisenberg TLAF
calculated by CCM (blue line) and ED (green line) [14].
|D|/J = 0.108 and the saturation field µ0Hs = 110 T ob-
tained below. The width of the classical plateau is es-
timated as µ0(Hc2−Hc1) = 9.7 T, which is 65 % of ob-
served width of 15 T. It is known that at finite tem-
perature, thermal fluctuation stabilizes the UUD spin
state even in the classical spin model, so that the field
range of the UUD state increases with increasing temper-
ature [61, 62]. However, in the present case, the effect of
the thermal fluctuation should be negligible because the
temperature of the magnetization measurement T = 1.3
K is much lower than TN2 =8.9 K.
For a spin-1 Heisenberg TLAF, the 1/3–magnetization
plateau is stabilized in a fairly wide magnetic field range
by quantum fluctuations [14, 18]. We fit the theoreti-
cal magnetization curves of the spin-1 Heisenberg TLAF
calculated by the coupled cluster method (CCM) and
the exact diagonalization (ED) [14] to our experimen-
tal result, as shown in Fig. 10. From this fit, we ob-
tain µ0Hc1 = 35 T, µ0Hc2 = 46 T, µ0Hs = 110 T and the
saturation magnetization Ms/µB = 2.31(2), which leads
to g= 2.31(2). The saturation magnetic field Hs of the
spin-1 Heisenberg TLAF is given by gµBHs = 9JS. Using
g' 2.3 andHs' 110 T, which are estimated from the the-
oretical magnetization curve fitted to the magnetization
data, the exchange interaction is estimated as J/kB' 19
K. This J value is somewhat smaller than J/kB = 25 K
estimated from the Weiss constant ΘCW =− 100.7 K of
the high-temperature magnetic susceptibility. Because
the saturation field given by gµBHs = 9JS is exact, the
exchange constant J/kB' 19 K estimated from the sat-
uration field is considered to be more precise.
The magnetic field range of the experimental 1/3–
plateau 32<µ0H < 47 T is somewhat larger than the
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FIG. 11: (Color online) ND intensities of Ba2La2NiTe2O12
powder averaged over T = 6, 4 and 1.6 K (< TN2) (red) and
T = 14, 12 and 10 K (> TN1) (blue). Their difference is drawn
by the green line. Arrows denote the positions of magnetic
Bragg peaks with the indicated wave vectors.
field ranges 35<µ0H < 46 T and 34.9<µ0H < 44.6
T calculated on the basis of the spin-1 Heisenberg
TLAF and the classical Heisenberg-like TLAF with
|D|/J = 0.108, respectively. Recent theory demon-
strates that when a magnetic field is applied paral-
lel to the symmetry axis, the field range of the quan-
tum 1/3–magnetization plateau is enhanced by the
easy-axis anisotropy and suppressed by the easy-plane
anisotropy [16, 17]. Thus, it is suggested that the syn-
ergy between quantum fluctuation and the easy-axis
anisotropy makes the field range of the 1/3–plateau wider
for H ‖ c in Ba2La2NiTe2O12. On the other hand, the
easy-axis anisotropy will act to suppress the plateau
width for H ⊥ c. Thus, it is considered that the plateau
width depends on the angle between the magnetic field
and the c axis, which leads to the distribution of the
lower and higher edge fields Hc1 and Hc2 in a powdered
sample. In addition, in case that the magnetic field is not
exactly parallel to the c axis, the total spin is not con-
served. Consequently, the 1/3–plateau does not become
completely flat and has finite slope. These factors will
give rise to the smearing of the 1/3–plateau in a pow-
dered sample, as observed in the present measurement.
E. Magnetic structure
Next, we discuss the magnetic structure in the ordered
phases in Ba2La2NiTe2O12. The neutron diffraction in-
tensities averaged over T = 14, 12, 10 K (>TN1 = 9.8 K)
and T = 6, 4, 1.6 K (<TN2 = 8.9 K) are shown in Fig.
11. There is a small but obvious difference between
these ND intensities. Figure 12 shows powder ND spec-
tra obtained at various temperatures, where the aver-
8In
te
ns
ity
 [a
rb
. u
ni
t]10
3
605040302010
2θ [degree]
1.6 K
4 K
6 K
8 K
10 K
12 K
T = 14 K
(1/3, 1/3, 0) (2/3, 2/3, 0) (1/3, 4/3, 0)
Ba2La2NiTe2O12 (ND)
FIG. 12: (Color online) ND spectra collected at various tem-
peratures, where the diffraction spectrum for T >TN1 was
subtracted as the background. Arrows indicate magnetic
Bragg peaks with the indicated wave vectors. Lines for each
temperature were arbitrarily shifted in the vertical direction.
age of the diffraction spectra obtained at T = 14, 12, 10
K was subtracted as the background. No magnetic
peak is observed for T ≥ 10 K. However, new peaks ap-
pear below 8 K, which is just below TN2 = 8.9 K. Thus,
these new peaks can be attributed to magnetic Bragg
peaks. Diffraction angles for some possible magnetic
Bragg reflections, which are estimated from the lattice
constants, are also indicated by arrows in Fig. 11. The
diffraction angles calculated for q= (1/3, 1/3, 0) and its
equivalent points coincide with the experimental results.
This indicates that Ba2La2NiTe2O12 has a triangular
spin structure characterized by the propagation vector
q= (1/3, 1/3, 0) in the low temperature phase TN2. This
propagation vector is in contrast to q= (1/3, 1/3, 1/2)
observed for Ba2La2CoTe2O12 [63]. The propagation
vector q= (1/3, 1/3, 0) observed for Ba2La2NiTe2O12 im-
plies that the Y-like triangular structures shown in Fig.
5(a) are ferromagnetically stacked along the c axis; thus,
the weak resultant magnetic moments induced in the tri-
angular layers are summed to produce a net moment
along the c axis. This spin structure is consistent with the
weak magnetic moment observed by magnetization mea-
surement (see Figs. 4 and 6). In addition, we attempted
to refine the size of the ordered magnetic moment of Ni2+
by the magnetic structure analysis of the ND data but
failed owing to the weakness of the magnetic peaks.
F. Density functional theory calculations
The band structure of Ba2La2NiTe2O12 is shown
in Fig. 13. There are five bands with dom-
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FIG. 13: (Color online) Band structure of Ba2La2NiTe2O12
obtained from GGA calculations. Orbital weights for Ni 3d
orbitals are marked. The high-symmetry points for the rhom-
bohedral space group are explained in the text.
inant Ni 3d character from the one Ni2+ ion
in the unit cell. High-symmetry points in the
Brillouin zone for the rhombohedral space group
R 3¯ are named following Ref. [64]: L= (1/2, 0, 0),
P = (η, ν, ν), Z = (1/2, 1/2, 1/2), B= (η, 1/2, 1 − η),
P1 = (1 − ν, 1 − ν, 1 − η) and F = (1/2, 1/2, 0), where
η= (1 + 4 cosα)/(2 + 4 cosα), ν= 3/4 − η/2 and
α= 33.889◦ for Ba2La2NiTe2O12. Crossing the Fermi
level, there are two bands of Ni eg character, and be-
low there are three bands of Ni t2g character. The width
of the two eg bands is W = 0.6 eV, three times as large
as the band width W = 0.2 eV in Ba2La2NiW2O12 (see
Fig. 15 in the Appendix). As the hopping parameter,
and thus the band width, enters the second-order pertur-
bation estimate of the superexchange quadratically, we
can expect the exchange couplings of Ba2La2NiTe2O12
to be almost an order of magnitude larger than those of
Ba2La2NiW2O12.
We now proceed to determine the Heisenberg Hamilto-
nian parameters of Ba2La2NiTe2O12 using energy map-
ping. We fit all-electron DFT total energies to the
Heisenberg Hamiltonian in the form
H =
∑
i<j
JijSi · Sj . (3)
We find that the total moments in all our calculations
are exact multiples of 2µB as all the nickel moments are
exactly S = 1, and all the fits are very good, resulting in
very low statistical errors. We first use a supercell with
four Ni2+ ions to determine the two in-plane exchange
couplings J1 and J3, where we index the couplings with
increasing Ni−Ni distance. The geometry of the Ni2+
ions in Ba2La2NiTe2O12 is shown as an inset in Fig. 14.
The values of the exchange constants are given in Ta-
9TABLE III: Exchange couplings of Ba2La2NiTe2O12, calcu-
lated within GGA+U at JH = 0.88 eV using a 6 × 6 × 6 k
mesh in a supercell containing four Ni2+ sites. The last row
contains the Ni−Ni distances, which identify the exchange
paths. The errors shown are only the statistical errors arising
from the energy mapping.
U [eV] J1/kB [K] J2/kB [K] J3/kB [K] ΘCW [K]
3 28.3(1) - 0.09(1) -113
3.5 25.2(1) - 0.07(1) -101
3.52 25.1(1) - 0.07(1) -100.7
4 22.6(1) - 0.06(1) -91
4.5 20.3(1) - 0.05(1) -81
5 18.2(1) - 0.04(1) -73
5.5 16.5(1) - 0.03(1) -66
6 14.9(1) - 0.03(1) -60
6.5 13.5(1) - 0.02(1) -54
7 12.2(1) - 0.02(1) -49
7.5 11.0(1) - 0.02(1) -44
8 10.0(1) - 0.01(1) -40
dNi−Ni [A˚] 5.66827 9.72442 9.81773
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FIG. 14: (Color online) In-plane exchange couplings of
Ba2La2NiTe2O12. The vertical line indicates the U value at
which the experimental Curie–Weiss temperature is realized.
ble III. The values of Ji are given with respect to spin
operators of length S = 1. Note that if the Hamiltonian
is written as
∑
ij , counting every bond twice, then the
values of Ji need to be divided by two. The Curie–Weiss
temperatures are estimated from
ΘCW = −2
3
S(S + 1)(3J1 + 3J2 + 3J3), (4)
where S = 1.
The calculated exchange couplings are shown graphi-
cally in Fig. 14. The statistical errors are smaller than
TABLE IV: Exchange couplings of Ba2La2NiTe2O12, calcu-
lated within GGA+U at JH = 0.88 eV with 4× 4× 4k points
in a supercell containing six Ni2+ sites. The last row contains
the Ni−Ni distances, which identify the exchange paths. The
errors shown are only the statistical errors arising from the
energy mapping.
U [eV] J1/kB [K] J2/kB [K] J3/kB [K] ΘCW [K]
3 28.25(1) 0.024(1) 0.078(1) -113
3.5 25.21(1) 0.022(1) 0.062(1) -101
3.52 25.09(1) 0.021(1) 0.062(1) -100.7
4 22.57(1) 0.018(1) 0.051(1) -91
4.5 20.26(1) 0.016(1) 0.039(1) -81
5 18.23(1) 0.014(1) 0.034(1) -73
dNi−Ni [A˚] 5.66827 9.72442 9.81773
the symbols. The inset shows the nickel sublattice of the
defect perovskite Ba2La2NiTe2O12 with bonds indicat-
ing the first three exchange pathways. The nearest- and
next-nearest-neighbor couplings of the triangular lattice
are J1 (purple) and J3 (red), respectively. J2 (turquoise)
is the first-interlayer coupling. U = 3.52 eV was de-
termined to be the value at which the couplings ex-
actly yield the experimental Curie–Weiss temperature
ΘCW = −100.7 K.
A larger supercell containing six inequivalent Ni2+ sites
also allows the determination of the interlayer coupling
J2. The result of this calculation is shown in Table IV.
The interlayer coupling turns out to be even smaller than
the next-nearest-neighbor coupling J3 in the triangular
lattice. However, consistent with the fact that the cal-
culation with the four-Ni2+ unit cell does not allow the
separation of J1 and J2, meaning that the J1 values in
Table III actually represent the sum J1 + J2, the new J1
values in Table IV are very slightly smaller than those in
Table III. However, this more precise calculation still has
not yielded a substantial subleading coupling to the an-
tiferromagnetic J1. The U value that can reproduce the
experimental Curie–Weiss temperature ΘCW = −100.7
K is still U = 3.52 eV.
From these DFT calculations, Ba2La2NiTe2O12 was
found to be a pure triangular lattice antiferromagnet
with a nearly negligible next-neighbor coupling in the
plane. However, as the interlayer Ni-Ni distance is com-
parable to the in-plane next-neighbor distance, we also
determined this additional coupling using larger super-
cells for the energy mapping. However, these calcula-
tions indicate that Ba2La2NiTe2O12 is, as a very good
approximation, a 2D triangular lattice antiferromagnet.
The only interlayer coupling we were able to resolve, J2,
is tiny and antiferromagnetic. Thus, the small ferromag-
netic coupling between the layers that was experimen-
tally inferred from the weak magnetic moment at zero
field could, for example, arise from the as yet unknown
J4 at a distance of dNi−Ni = 11.256 A˚.
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FIG. 15: (Color online) Band structure of Ba2La2NiW2O12
obtained from GGA calculations. Orbital weights for Ni 3d
orbitals are marked.
V. CONCLUSION
We have reported on the crystal structure and mag-
netic properties of the spin-1 TLAF Ba2La2NiTe2O12
composed of a uniform triangular lattice of Ni2+ ions.
We refined the crystal structure parameters by Rietveld
analysis using XRD and ND data obtained from a pow-
dered sample. The space group was determined to be R3¯.
The large negative Weiss constant ΘCW' − 100 K for
the magnetic susceptibility shows that the predominant
exchange interaction is antiferromagnetic and strong, in
contrast to Ba2La2NiW2O12 [43, 44]. Specific heat mea-
surement demonstrated that Ba2La2NiTe2O12 undergoes
successive magnetic phase transitions at TN1 = 9.8 K and
at TN2 = 8.9 K, which arise from the competition be-
tween the antiferromagnetic exchange interaction and
the single-ion anisotropy of the easy-axis type. From
the weak net magnetic moment of ∆M = 0.015µB/Ni
2+
observed at T = 1.8 K (TN2), the ratio of single-ion
anisotropy to the exchange interaction was estimated as
|D|/J ' 0.108. It was found from high-magnetic-field
magnetization measurement up to 60 T that the mag-
netization curve exhibits a wide plateau at one-third
of the saturation magnetization, which is characteristic
of 2D Heisenberg-like TLAFs. We estimated the ex-
change interaction J and the g-factor as J/kB' 19 K
and g' 2.3, respectively, by fitting the theoretical mag-
netization curve to the experimental data. From the ND
measurements at zero magnetic field, the propagation
vector in the low-temperature phase for T < TN2 was
found to be q= (1/3, 1/3, 0). This result, together with
the magnetization and specific heat results, indicates that
below TN2, spins form a triangular structure in a plane
including the c axis in each triangular layer and these
triangular spin structures are ferromagnetically stacked
along the c axis. The DFT calculations demonstrated
that the nearest-neighbor exchange interaction is pre-
dominant and that the next-nearest-neighbor exchange
interaction in the triangular layer and the interlayer ex-
change interactions are negligible.
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Appendix A: Electronic structure of Ba2La2NiW2O12
For comparison with the new material
Ba2La2NiTe2O12, we have determined the electronic
structure of Ba2La2NiW2O12 using the crystal structure
provided in Ref. [43]. Figure 15 shows the bands cal-
culated with the GGA exchange correlation functional.
The path through the Brillouin zone is explained in the
main text. As in isostructural Ba2La2NiTe2O12, two Ni
3d bands of eg character cross the Fermi level. However,
the band width is only 0.2 eV, indicating rather small
effective hopping parameters between Ni eg orbitals
compared to Ba2La2NiTe2O12.
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